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SECTION 1

INTRODUCTION

Electro-Optical Systems, Inc. submits this final progress report in
compliance with the requirements of the NASA Manned Spacecraft Center
Contract NAS9-7843. This report completes the period of effort from
1 April to 1 September 1968.

The substance of the report is a comprehensive study to determine the
optimal parameters for the design of an astronaut-operated Double-
Focusing Mass/Charge Spectrograph which might be used for the measure-
ments of solar wind mass/charge number composition. Specifically,
parameters pertinent to the design of such an instrument were analyzed
with regard to their various interdependencies for the purpose of
establishing an overall design approaching the following primary set

of operating criteria:

a. Resolution 1000 to 5000
b. Mass/charge range 2 to 10

c. Angular spread +10°

d. Velocity deviation +0,20

It was determined that item c, the angular spread, is not feasibly
consistent with the remaining criteria. Because of the singular
importance of the angular spread, much of the data are presented

with reference to this parameter.
Items a, b, and d are mutually consistent. However, energy deviation

was found to be much more restricted than velocity deviation. Also

considered was the following set of secondary criteria:
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e. Sensitivity to be defined

f. Light flux rejection 1077 to 10-8

g. Dimensions 15 % 15 x 45 cm )
h. Weight < 20 pounds

i. Power 10 to 20 watts

Sensitivity is discussed and defined in a manner which is convenient

for the proposed use of the instrument.

Light flux rejection is an inherent feature of a tandem double-focusing
instrument which is the design considered in this report. 1In addition,

an innovation is described which would further enhance light rejection.

It has been conservatively estimated that the weight of the instrument

and electronic components is less than 25 pounds.
It has been determined that the high voltage requirements, rather than

power considerations, are more critical to the design concept which is

presented.
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SECTION 2

THEORETICAL CONSIDERATIONS

2.1 PROCEDURE

Transfer matrix methods for calculating trajectories are well known in
optics and have been applied to electron optics. The application of
these methods to electrostatic and magnetic deflectors has been gaining
increasing recognition in recent years. Consequently, they are par-
ticularly adaptable to the study of double-focusing mass spectroscopic
instruments. The transfer matrices used in this study were taken from

References 1 through 5.

Essentially, the transfer matrix approach is a method of ray tracing.
For example, in the case of ion optics an element (e.g., an electric

or a magnetic sector) is represented by a transformation (transfer
matrix) which gives description to an ion beam which has traversed

the element. In order to effect such a description,the ion beam is
represented by a vector, the components of which are formed by the
entrance slit dimensions, entrance angular spread, and the deviations
in mass/charge ratio and energy. The total transfer matrix which de-
scribes the path of an ion beam from entrance slit to photographic plate
is the product of as many as 11 individual matrices. Among these are
included the important effects of the fringe fields of both the electric
and the magnetic sectors and the effect of changing the sense of the

beam deflection.
After the total transfer matrix (one each for radial and axial deflec-

tions) has been obtained, then the mass/charge dispersion, the magnifica-

tion, and the first and second order aberration coefficients can be
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identified. The axial aberrations are usually not considered past first
order but the radial aberrations are calculated to second order and
sometimes estimated to third order. In the present study, third order
angle coefficients were included, and were assumed to have values 10
times that of the corresponding second order coefficients. The instru-
ment resolution is calculated from elements of the total radial transfer

matrix.

2.2 SIGNIFICANT ELEMENTS OF THE TOTAL RADIAL SECOND ORDER
TRANSFER MATRIX

The total radial second order transfer matrix contains 289 elements of
which only 17 are used in a determination of the resolving power of the

instrument. These are given the notations as follows:

By A A Bgs Ay A s A A AL AL A A

]

vo

A55’ Avv’ AVB’ ABB

where o and B are the radial and axial half-angles, respectively. The
quantities y and 6 are the mass/charge and energy deviations, respec-

tively, defined as follows:

U = U[l+56] (1)
M/z) = M/7[1 +v] (2)
where
U - particle energy per unit charge
Uo - particle energy per unit charge for central ray
(M/2) - particle mass/charge number
(M/Z)o - particle mass/charge number with energy per unit

charge Uo
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The radial and axial displacements of the paraxial ray from the central
ray are ur and Ve where r is the radius of curvature of the central

ray in the main magnetic field.

The most important of the 17 elements listed above are identified as

follows:
Au ~ magnification
Aa ~ first order radial angle aberration coefficient
A6 ~ first order energy aberration coefficient
AY ~ mass dispersion coefficient

A ~ second order radial angle aberration coefficient

Aaﬁ ~ second order radial angle-energy aberration coefficient
A66 ~ second order energy aberration coefficient
A

g second order axial angle aberration coefficient

The third order coefficients of interest are:

Aauw - third order radial angle aberration coefficient

ABBB - third order axial angle aberration coefficient

2.3 SIGNIFICANT ELEMENTS OF THE TOTAL AXJAL TRANSFER MATRIX

The axial transfer matrix first order elements are usually the only

ones of interest and are denoted by:

AV - magnification

A - first order axial angle aberration coefficient

8
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2.4 INPUT PARAMETERS“

The matrix elements are very lengthy, complicated functions of the

input parameters. These parameters are given below:

sense

3039-Final

magnetic sector angle
electric sector angle

(separation between the electric and magnetic sectors)
X l/rm

parameter describing electric fringe field (input side)
parameter describing electric fringe field (output side)
parameter describing magnetic fringe field (input side)
parameter describing magnetic fringe field (output side)

angle between the central ray and the normal to the
input ideal field boundary of the magnetic sector

similar to €' except refers to the output ideal field
boundary of the magnetic sector

parameter describing the inhomogeneity of the main
electric field

parameter describing the inhomogeneity of the main
magnetic field

[reciprocal radius of curvature of electric sector
boundary (input side)] x r

[reciprocal radius of curvature of electric sector
boundary (output side)] x r

[reciprocal radius of curvature of magnetic sector
boundary (input side) | x r

[reciprocal radius of curvature of magnetic sector
boundary (output side)] x r

radius of curvature of central path in the main
electric field

radius of curvature of central path in the main
magnetic field

determines the relative deflections in the electric and
magnetic sectors



2.5 COMPUTER METHODS

A computer program was written to evaluate the radial and axial transfer
matrices for the complete system. This merely required doing a series
of matrix multiplications, each matrix being the transfer matrix for a
given region (i.e., fringing field region, electric sector region, etc.).
Due to the rather large dimensions of the radial matrices (17 x 17), the
evaluation of the complete radial transfer matrix required about 23 sec-
onds on the CDC-3100 computer. The first row of this radial matrix then
determined the image slit width (for a given object slit) in terms of the
15 parameters describing the system: c, n, @_, @ > e', e", I&, %&,
re/rm, D, Q', Q", R', R", and INVERT. The first row of the 2 x 2 first
order complete axial transfer matrix rendered the image slit length.
Several cases were run this way in a sort of trial and error approach

to finding a good set of system parameters, and it also served as a
means of checking out the program for possible coding errors. Once the
program was debugged, it was changed into a subroutine to be used by yet
another bigger program. The purpose of this new program was to try and
find a combination of the input (system) parameters that would result in
an improvement over a set of '"initial guess' parameters. The program
operated as follows: An "error' function, ERROR, was invented. It
essentially indicated the radial aberration of the image slit due to
particles of incident angle (a) and energy deviation energy (6). Thus:
D, Q', Q", R', R", INVERT) =

ERROR (c, n, Pes Ppo e', e", re/rm,

(ZozAa)Z + (orzAad)z + (2a6AO[6)2 + (62A66)2'+ (268)°

where the A's are the first row matrix elements of the complete radial

transfer matrix. The values of v and § were both arbitrarily set at 0.1l.
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The problem was now to minimize the ERROR function with respect to the
various input parameters. (Actually, the parameters c, n, and INVERT
were maintained at constant values and only the remaining 12 parameters
were allowed to vary.) To find a minimum of a function, one merely
computes the gradient of the function and then starts stepping backwards.

This is exactly what was done. The 12 quantities:

d (ERROR) 93 (ERROR) 3 (ERROR)
e ? dPm ? e ORM

were calculated. Then, the components of the normalized gradient were

computed:

J(ERROR
op -
N —— = 2 p = ¢e’ ¢m, L] . . > R”.
(V ERROR) 12
p 5 [agERROR)] 2
k=1

apk

An initial step size of 1.0 was chosen and this amount was '"stepped off"
in the direction of the negative gradient. (Note: this step was taken
in 12-space, not on each parameter; consequently, each parameter changed
by considerably less than 1.0 per step.) After each step the gradient
was again re-computed to determine the direction in which the next stép
should be made. This process continued as long as the value of ERROR
continued to decrease. Then, when a step in the direction of - Y(ERROR)
finally resulted in 'going uphill", it was reasoned that a minimum had
been overshot. So, the step size was reduced by a factor of 10 and the

search continued at this smaller step size.
This above process was to continue until the step size became less than

a certain value (about 0.001), at which point the minimum of the ERROR

function would be claimed and the search would be over.
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Unfortunately, things did not work completely according to plan. After
the first "over-shooting” of the minimum with a step size of 1.0 it
would seem plausible that by reducing the step size to 0.1 the minimum
should be over-shot again within about ten steps at most. This never
happened. Instead the step-off would continue in units of 0.1 well

past the expected 10 iteratiomns. It is difficult to say just how long
this step size would continue to last since the time estimate of the
program would always be exceeded, even when more than 1 1/2 hours was
allowed. The main problem with the program was the amount of time it
took. Since each evaluation of a gradient required an evaluation of the
complete transformation matrix 12 times (one for each parameter), the
time required for just one iteration step was almost 5 minutes! How-
ever, a later feature of the program allowed any of the parameters to be
held fixed while the rest varied. This helped to increase the iteratiom
frequency, although no minimum as such was ever found within the 99 min-

utes of time allotted per computer run.

2.6 RESOLUTION CLOSE TO THE CENTRAL RAY POINT AT THE IMAGE PLANE

Resolution (R), as described in Fig. 1, is defined as follows:

M/Z 1

R = Zzﬁyzy or E;' (3)

This is the resolution which can be obtained close to the central ray
point of the image plane and is given analytically by the following

expression:

0.5 r A

m Y
S'A +r [20A + 26A +o/2A + 200A +62A +62A +2a3A -+2B3A ]
v mT o 8 o “ab 86 L) ooy pes

(4)

3039 -Final 9



|
|
|
| FULL WIDTH AT
| HALF MAXIMUM
|

INTENSITY

la—— A (M/7Z) —»
l | |
| |

| 1

I
I
7001 0 0]

‘Figure 1, Definition of Resolution
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where the values of all coefficients are taken as absolute. That is,
minus signs are ignored. The §S' (=2uorm) is the width of the entrance

slit (object). It should be noted that the length of the entrance

slit is 2v r .
om

Ideally, the best instrument design would be one for which all the
aberration coefficients (except Au and Ay) vanished simultaneously.
As can be seen in Eq. 4, it is desirable for A to be as large as

possible, and Au to be minimized to less than unity.

2.7 DOUBLE-FOCUSING CONFIGURATIONS

The aberration coefficients for about 650 configurations were calculated.
Most of these were slight modifications of a set of initial conditions
on the parameters. In no case were the coefficients pertaining to o

and 0 made to assume insignificantly small values, simultaneously.
During the study, values of the coefficients were observed to range

from 10"5 to over 100,

Tables 1 through 4 contain the parameters and coefficients considered
to be the best of the configurétions studied. The data of Table 1 has
been used in the selection of the design concept presented in this

report. The notation scheme for this design is shown in Fig. 2.
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SECTION 3

DESIGN CONSIDERATIONS

3.1 ENERGY DISPERSTION AND DEVIATION

Image aberrations in the spectrograph can be reduced by the proper
choice of design parameters, as previously discussed, and also by de-
creasing the direction angles, @ and B, and the energy deviation, 6&.
The direction angles can be controlled with comparative ease by colli-
mating the beam, using a proper slit arrangement. However, decreasing
the energy deviation requires a technique which disperses the beam in
such a way that only particles with energies within the deviation can
filter through. A simple device, the parallel-plate electric field
mirror, accomplishes this purpose. Only particles entering the mirror
with energy/charge within a given deviation, §, are able to pass through
and into the electric sector of the spectrograph, the direction angles
remaining unchanged, TFigure 3 presents a design concept showing the

mirror arrangement which has been identified as the energy filter.
3.1.1 THE MIRROR ANALYZER AND CALCULATION OF &

The theory of the mirror is simple when compared with other geometries
of electrostatic analyzeré(6). The ion paths are parabolic with the
slits, S, located to pass those particles with energy, Uo’ which enter
and leave at an angle of 45° with respect to the normal or those par-
ticles with an energy, U > Uo’ which enter and leave at an angle, i,
with respect to the 45° direction. The mean distance, § (see Figure 2),

between the entrance and exit slits is given by

20 h
L = VO [1+ 5] cos2a (5)

F
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where VF is the potential across the mirror plates. This potential can
be evaluated in terms of U, by letting & = 0 in which case § = 8/4, as

will be shown. Therefore,

2U0h[1 + 5/47
Vp = 7 (6)

For the usual case, S<<f, the term in the parentheses is of little im-

portance.

Referring to the dimensions given in Figure 2, i.e., £ = 100 mm (3.937")

h = 2.921 mm (1.150") renders Vg = 0.584U0.

Equation 5 can be used to determine § by considering the illumination

of the exit slit, as follows:

Ion beam enters mirror at & = 0;

illumination = full - U = Uo

illumination. - 0 - U - U1 s/y] = u 1+ 8]
Ion beam enters mirror at o # 0;

illumination = full - U = U sec2a = Uo[l + 8]

illumination - O - U - Uo[l +S/g)sec20 = Uo[l + 6]

Therefore, the maximum deviation, 6 (max), occurs when o # 0, i.e.,
§(max) = [1+ S/glsec2a - 1
and, the minimum deviatiom, §(min) , occurs when ¢ = 0, i.e.,

§(min) = -5/
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The range of deviation that can be transmitted through the exit slit

is then given by

5 (max) - §(min)

[1+ s/g)sec2a - 1 + S/y
2 sec2a[sin2a + (S/E)cosza]
s 2[052 + 8/47 (for a < 10°)

il

Finally, 6 is defined as one-half the range of deviation or

5 = o + S/4 (7N

Equation 7 shows the dependence of the energy deviation on the radial

acceptance half-angle, which is peculiar to the design concept pre-

sented in Figure 3.
3.1.2 THE MIRROR ANALYZER AND VELOCITY TUNING

Figure 3 also shows a separate parallel-plate mirror, the proton ve-
locity tuner, which is physically mounted on top of the energy filter
and is in every respect identical to the latter. This unit is tuned
to an energy such that the maximum proton current is delivered to a
continuous channel electron multiplier. TIn this manner it is possible
to monitor changes of the proton bulk velocity, V;, and hence of the

other ionic species in the solar wind,

3.2 VELOCITY DEVIATION

It should be noted that decreasing the energy deviation, §, does not

require a decrease in the velocity deviation. On the contrary, a wide
velocity deviation or random velocity distribution is desirable to the
function of a double-focusing mass/charge spectrograph in its applica-

tion to solar wind measurements. This is quite different from the
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electrostatic enefgy analyzer from which the best data resolution is
obtained when the solar wind temperatures are low, i.e., when the
random velocity distributions are relatively narrow. It would follow
that high solar wind temperatures represent the best conditions for
spectrograph operation. The reason for this is that particles with a
deviation in mass/charge and a sufficiently large magnitude of velocity
deviation, such that their energies have at most a deviatiom &, will
pass simultaneously through the spectrograph and, thus, be recorded on
the photographic plate., The relation satisfying this condition is

given in first order by

VELOCITY DEVIATION = Q_%_x (8)
Equation 8 results from the fact that it is generally agreed among
investigators of solar wind phenomena that all ion species have essen~-
tially the same bulk velocity, Vo' On the other hand, if it were as-
sumed that all ion species had essentially the same temperature, then
they could not have the same maxwellian velocity distributions. 1In
particular, the heavier species would have extremely narrow distribu-
tions relative to those of the lighter ions. Thus, it would be inher~
ently difficult to operate a spectrograph to measure mass/charge numbers
for heavy ions. However, for a solar wind in the norzal temperature
He++

4
range, > 3 X 10" 0K, there is a tendency for 1H+ and random

velocity distributions to have similar widths, implying 4He++ tempera-

+
tures ~ 4 times the 1H temperatures.(7’8)

&)

Now, according to S. J.
Bame, et al, there are clear indications in the Vela data that the
various ion species have more nearly equal temperatures when the solar
wind is cold (~ 104 0K). Therefore, normal-temperature solar wind has
presumably undergone extensive non-thermal heating in interplanetary

space, the heating processes tending to cause different ion species to

have nearly the same random velocity distributions. It should be noted

that during the 104 days of Mariner II data collection, ninety percent

of the recorded temperatures were between 6 x 104 and 5 x 105 OK, i.e.,

normal to greater than normal.
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In summary, it is necessary to have § small for resolution and the
velocity deviation at least large enough to obtain the desired range
in mass/charge displayed simultaneously on the photographic plate.

10
Again, from Mariner II data,( )

it was found that the proton velocity
deviation was > 0.18 over several runs which had values of bulk
velocity, Vo’ extending from 315 to 840 km/sec. If, according to the
above discussion, this value of velocity deviation can be applied to
heavier ion species as well, then the requirements for the mass/charge

ranges of interest will be satisfied regardless of the ion mass.

3.3 MASS/CHARGE COMPOSITION OF THE SOLAR WIND

The results of several solar wind experiments have positively identi-
fied the presence of mass/charge numbers one and two. The former is
the proton content, of course, and the latter is considered to be alpha
content. Data from the Vela 3A experiment(g) purports to show that
3He++, 4Hé+, various ion species of 160, and other unidentified heavy
ions are present in the solar wind. J, Zirker(ll) of the University

\ +14
of Hawaii has been investigating the existence of Fe .

Table 5 was generated in order to relate various ion species in terms
of mass/charge number. Elements helium to iron have been included with
the range of mass/charge number extending from two to ten, correlating
with all possible degrees of ionization occurring in that range. The
table is incomplete to the extent that it does not contain isotopes of
the elements. However, it furnishes a basis for determining the resol-
ution requirements of an instrument designed to measure mass/charge.
For example, referring to Figure 1 and Equation 3, a resolution of 143
would be required to distinguish 4He+ (4.003) and 56Fe+14 (3.989). On
the other hand, a resolution of 3333 is necessary to resolve 4He++

12
(2.0015) and “2c*® (2.0018).
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Figure 4 is a plot of the number of occurrences of a given mass/charge
number in Table 5. Figure 5, an integration of Figure 4, shows that
three-fourths of the total number of values of mass/charge numbers

listed in Table 5 occur for M/Z < 5.

3.4 MEASUREMENT OF MASS/CHARGE (RANGE SELECTION)

In the common application of a mass spectrograph, the particles are
generated within the instrument from an ion source. Consequently, the
selection of particles within a given range of mass/charge number is
accomplished by "tuning" the particle energy and electric sector voltage,
simultaneously. In the present application the ion source is the solar
wind. Normally, therefore, the selection would necessitate varying the

magnetic field intensity as well as the electric sector voltage.

In orxrder to avoid changing the magnetic field, thus permitting the use
of one permanent magnet, a short retarding electric field (the deceler-
ator unit of Figure 3), situated between the electric and magnetic
sectors, is introduced into the design concept. The purpose of this
field is to vary the energy of a particle as it enters the magnetic
sector such that the product of the mass/charge times the energy equals‘
a constant k. That is, since the magnetic intensity B is given by,

2200 TGITZW  (gauss) (9

m

where, W is the energy in kilovolts with which a particle with mass/

charge number M/Z enters the magnetic sector, then,

M/2)w

fl
o

(10)

A value of k

22.5 has been chosen, This requires a magnetic field

intensity B = 2120 gauss (rm = 10 cm).

3039-Final 24



0T T

TOTAL NUMBER

2 3 4 5 6 7 8 9 10
MASS/CHARGE NUMBER

Figure 4. Number of Occurrences of Given Mass/
Charge-Number

3039-Final 25

31949



300 :
280
260
240
220
200
180
160
140
120
100

80

INTEGRATED TOTAL NUMBER

60

40

20

0 1 l i | l l L e
2 3 4 5 6 7 8 9 10

MASS/ CHARGE NUMBER

Figure 5. 1Integration of Mass/Charge Numbers

3039-Final 26

4D



The ion beam incident into the decelerator unit must be highly colli=-
mated so that the retarding field does not cause angle dispersion.

This is precisely the function of the spherical electrostatic analyzer.
That is, this sector collimates a beam which is incident with angles

Q, B, and for which the energy deviation is small.

The accelerator unit which precedes the energy filter has two functions,
one of which is to help satisfy the condition that k = 22.5 for M/Z < 5.

The other function will be discussed in Subsection 3.5.

In effect, Table 6 explains the relative roles of the accelerator and
decelerator units. In particular, it should be noted that the design
concept permits the full range of the solar wind bulk velocity (300 to
700 km/sec) to be accepted by the instrument only for mass/charge
numbers two through six. The "velocity window'" becomes more restricted

for the numbers seven through ten.

3.5 VIRTUAL ACCEPTANCE ANGLES VERSUS REAL ACCEPTANCE ANGLES

The real acceptance angles, & and B, are those which are seen by the
instrument, beginning with the energy filter. The so-called virtual
acceptance angles, &' and B', are those which are seen by the accel-
erator/collimator unit. In addition to its function in selecting

mass/charge range from M/Z < 5, this unit also effects a reduction (to

a,B) of the angles &' and B'. This feature is of primary importance

because it causes an increase in the resolution for the lower mass/
charge numbers and for a given &', B', over that which would result

if the accelerator/collimator unit were not present.

The relationship between the two sets of angles can be shown to behave

according to
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)
R s an
o}

acc.

where, Vacc. is the potential across the accelerator unit. Figure 6
provides a plot of Equation 11 as a function of mass/charge numbers
for the full range of solar wind bulk velocity. As can be seen in the
figure, the fractional angle reduction will depend upon the velocity
for numbers less than seven. However, forAM/Z»> 7 no reduction can be

expected because of the selected values of magnetic field intensity

and maximum accelerator voltage.

Equations 7 and 11 were used to calculate the plot of Figure 7 which
is the maximum energy deviation corresponding to that curve of Figure

6 which pertains to the upper limit of velocity.
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3.6 CALCULATION OF RESOLUTION

It is now possible to calculate resolution using Eq. 4. Values of
L and the first and second order aberration coefficients can be
obtained from Table 1. The third order coefficients in o and B are
assumed to be one order of magnitude greater than their second order
counterparts (Ref. 12). Cross third order terms between @ and § have

been neglected.

It should be noted (see Fig. 2) that the object slit, S, forms an angle
45° with the central path whereas the S' appearing in Eq. 4 refers to
the width of a slit that is normal to the central path direction.

Therefore,

OBJECT SLIT WIDTH

J2

s' (12)

The energy deviation, &, and the real acceptance half-angles, @ and
B, can be expressed from Eqs. 7 and 11, respectively, as functions
of the virtual acceptance half-angles «' and B', which were defined

in Section 3.5.

In order to simplify the presentation, the minimum resolution has been
calculated. This minimum resolution corresponds to the ﬁpper limit of
solar wind velocity, Vo = 700 km/sec. Plots of minimum resolution
versus the virtual acceptance half-angle, o', are presented in Figs. 8,
9, and 10 for three widths of the object slit, S. Note that the curves
for all mass/charge numbers would coincide with that labeled mass/charge
= 6 to 10 if the accelerator/collimator unit were not used to accomplish

angle reduction.
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It should be remarked that the resolution capability of the instrument
as conceived will be greater than the minimum value plotted in the
figures whenever the solar wind conditions are such that Vo < 700
km/sec. For example, Table 7 gives the range in resolution correspond-
ing to Vo = 300 to 700 km/sec for two values of mass/charge number and

an object slit width of 0.004 inch.

TABLE 7
RESOLUTION

Data of Table 1 with magnetic intensity = 2120 gauss;
magnet radius = 3.937 inch; object slit width = 0.004 inch.

_o' M/Z = 2 Mz = 3
0.1° 664 664

0.5° 588 to 630 570 to 616
1.0° 486 to 566 434 to 550
2.0° 261 to 486 203 to 416
4.0° 87 to 250 64 to 218
6.0° 38 to 132 26 to 101

3.7 DEFINITION OF SENSITIVITY

Fundamentally, the instrument sensitivity is concerned with the number
of ions of any given species which must pass through the entrance
aperture (object slit) in order to produce a detectable image on the
photographic plate. Scattering losses, aberrations, and photographic
emulsion response are the factors which determine a sensitivity

parameter,
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For convenience, a sensitivity parameter, T, will be defined as the
time (seconds) required for ions of a given species to produce a line

of specified degree of blackening on the emulsion. In the derivation
of T, let

S* = pumber of ions of a given species per cm2 required to
blacken a specified degree

. . . 2 s s
% = number of ions of a given species per cm~ - sec. incident
upon the line

then,

T = E—- (13)

For the present application, the ion currents will be extremely small;
therefore, scattering losses, due primarily to space charge repulsion,
can be neglected. The various intermediary slits will be considered
open to the passage of the entire ion beam emanating from the entrance
aperture. That is, 100 percent instrument transmission is assumed;

also, acceptance angles are taken to be small. It follows that

- (14)
where

@O = jon flux of a given species incident upon entrance aperture
a, = area of entrance aperture
a, = area of blackened line
It should be noted that the effect of the emulsion on the sensitivity
parameter is expressed by S* and the effect of the instrument is intro-

duced by the factor aS/ai. The area a, is derived as follows:
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r A

= 2Y
a; SR X 2rm(voAv + BAB) (15)
\ AN —~—— J

line width x line length

where R = resolution is given in Figs. 8, 9, and 10, and Table 7. Also,
the axial acceptance half-angle, B, can be replaced by « since both are

identical in the design concept of this instrument.

Equation 13 can now be expressed as

S* r2 A
m

= —————-x
T 5 e R (voA + ocAB) (16)

Owen (Ref. 13) has studied in detail the response of Ilford Q2 emulsion
to the radiation of ionizing particles. He found that the semsitivity
of Ilford.Q2 plates increases linearly with increasing ion energy,
inversely with the square root of the ion mass, and is independent of
ionic charge. Similar results have been observed by other investi-
gators (Ref. 14) who examined RCA thin-film plates and Kodak-Pathe' SC5
emulsion in addition to the Ilford Q2. As a note, the SC5 emulsion is a
centrifuged film which has reportedly detected Fe+ ions in quantities
0.2 to 0.05 of those barely detectable with Ilford QZ’ that is, with a

sensitivity to ions estimated about 10x that of Qz.

The S* that is used in this discussion is related to the reciprocal of
the emulsion sensitivity and consequently S* should vary with the root
of the mass and inversely to the energy. However, the product of mass/
charge times ion energy entering the magnetic sector has been constrained
to be a constant (k) in the design concept in order to avoid the necessity

of changing magnets. Consequently,

L ( Dz-d )B/Zﬁczllz (17)
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Again, the apparent dependence of S* on ionic charge is not of physical

significance but only comes about due to the imposed constraint.

Hintenberger (Ref. 15) has also investigated the blackening of Ilford
Q2 plates by ions of défferent mass;s and+?nergy. For example, he
reports that 1.25 x 10  ions per cm” of H2 with an energy of 9 kV
suffices to produce a line of clearly visible blackening. On the other
hand, Woolston et al (Ref. 16) have found that Cs+ ions of the same
energy require an accumulation of &;109 ions per cm2 to produce a line
blackened to 50 percent saturation. After correcting this value by the

ratio of the square roots of H, -mass to Cs-mass, it is seen that 50

percent saturation blackening ian be expected by approximately 108 ions
per cm2 of H+, i.e. about 100 x the accumulation required to obtain a
line just clearly visible. This overload feature of the spectrograph
permits operation of the instrument without close monitoring of the

exposure time.

Using the data given above, values of the instrument sensitivity
parameter, T, can be calculated for Hz with regard to the following

chosen conditions:

S* = 1,25 x 106 (line clearly visible)
S* = 108 (50 percent blackening)
Mass/charge = 2 (HZ)
_ k _ 22.5 _

Energy = Mass/charge = 2 11.25 kv
From Table 1; AY = 0.6157

A = 1.64

v
= .0
AB 1.084
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From Figure 9; Mass/charge (2), o' (30) - R = 170

0.05 mm (width)
.0 mm (length-arbitrary)

i

Entrance aperture

a, = 0.25 mm2
r = 100 mm
m
From Figure 6; a' = 3° = o = 1.71° - 0.0298 radian

(note: the upper curve, Vo = 700 km/sec at

a mass/charge = 2, is used since this
corresponds to the calculation of R)

entrance aperture length

v, = or 0.025
m
The resulting cbmputation yields
*
S 10é6 S (18)
o

TABLE 8
SENSITIVITY PARAMETER
Spectrograph No. 1 with o' = 30; magnetic intensity = 2120

gauss; magnet radius = 100 mm (3.937 inch); object (entrance)
aperture area = 0.25 mm”; mass/charge = 2; resolution = 170.

-2 - Clearly Visible 50 Percent Saturation
&, cm “-sec (sec.) (sec.)
10% 1325 10°
106 13.25 1000
10° 0.13 10

Equation 18 renders Table 8 which lists exemplary values of the sensi-
tivity parameter for the range of component flux intensity assumed to

exist in the solar wind.
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3.8 MISCELLANEOUS DETAILS

3.8.1 HIGH-VOLTAGE REQUIREMENTS

A direct current high voltage supply is required for several elements
of the spectrograph design concept. Figure 11 shows the locations of
the various points of high voltage. The magnitude of the requirement
is demonstrated in Fig. 12, which indicates the dependence upon the

virtual acceptance half-angle.

There is a precedence in the use of such high voltages in space
instrumentation. C. Snyder (Ref. 17) is currently using an alternating
supply of 12 kV in the 0GO-5 experiment designed to measure plasma wind
direction., On the one hand, the electronic specifications of a dc
supply are less severe than those of a comparable ac supply.

However, the voltages of the spectrograph must be highly regulated,

at least to a degree equal to the reciprocal energy resolution (8),
i.e., less than 1%. It should be noted that the energy resolution is
always greater than the mass/charge resolution, R. This can be shown

as follows:

) 1 _
ENERGY RESOLUTION = - F R6
R,y50 0.5 rmAy = R(max)
STA 4+ 2r b5A
u m 8
5 - g:“zs'E 1
a—~0 g £ Ré(max)
Since, t = f in Fig. 2, then

8 = A/ZS'

r
m
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or,

R A
é(max) * Y = 0.63 Ré(max)

R(max) =
V2(A 4+ 2 42 A))

Therefore, in the last analysis, the electronics of the high voltage
power supply might determine the resolution that can be realized apart

from the physical limitations of the instrument.

3.8.1.1 Instrument Tuning

The instrument is tuned to a specific energy and mean mass/charge

number (M/Z)0 by adjusting the potentials across the various high
voltage elements. Primarily, tuning is accomplished by varying the
proton velocity tuner voltage V until this unit passes the energy of

the maximum hydrogen ion flux as indicated by a peaking of the continuous
channel electron multiplier (CCEM) output. The proton velocity corres-
ponding to this energy is defined as Vo’ the solar wind bulk velocity.

A change in V0 can be detected by a change in the setting V required to
peak the CCEM output. A variation in the amplitude of the peaked output
which requires no adjustment of V would indicate a change in the proton

ion density.

Using Equation 6, the proton velocity selector potential is determined by o

0.584 x 10™° v 2

vV = 5 ©_ (kilovolt)

where V0 is expressed in units of km/sec.

The remaining potentials involved in the instrument tuning are related

to V as follows (refer to Table 6):
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For a given mean value (M/Z)Oj,

Accelerator voltage = le

Filter voltage = (M/Z)OjV + Cj2

2d (M/Z)o.
—l) gy 4 ¢

Electri
ectric sector voltage 0.584 T i3

M/z) .

Decelerator voltage 0.584 34

where the Cji are constants of different values (i) corresponding to

the selected mean mass/charge number (j).

3.8.2 ELECTRIC SECTIOR

In Fig. 3 the electric sector is identified as a spherical electrostatic
analyzer. It is described by a parameter c (=1), Table 1, where c is

defined as

radius of the central path in the electric field
axial radius of curvature (middle equipotential surface)

The dimension rmLe (Fig. 2), locates the object slit at the radial focal
plane of the sector such that the beam exiting the sector will be parallel
(collimated) in the‘radial sense. In order that the beam will be com-
pletely collimated, that is in both radial and axial senses, the object
slit must also be located at the axial focal plane. One of the reasons
for choosing the data of Table 1 is that the radial and axial focal

planes almost coincide for the spherical geometry. The axial focal

length is given by the following expression:
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r ot (e ¢)

axial focal length = N

Theoretically, the two focal planes can be made to eiactly coincide if

¢ = 1.062, which means that the electric sector should actually be very
slightly toroidal. Fringe fields are taken into account in the calcula-
tion of the radial focal length and are not involved in the calculation
of the axial focal length. However, in practice the effect of the
fringe field shields might alter the theoretical value of radial focal

length somewhat.

The potential aéross the plates of the electric sector is directly
proportional to their separation which, in turn, depends upon the
real acceptance half-angles, o and B. Figure 13 shows the separation
versus « for the data in Tables 1 and 2. The cases of Tables 3 and 4

would generate curves which would lie between those in Fig. 13.
3.8.3 MAGNETIC SECTOR

Again referring to Fig. 3, the magnetic sector is a permanent magnet
with conical pole faces (Refs. 4, 18, 19). It produces a field which

varies according to

B = B [fﬁ] n
o——-
r

where B0 is the magnitude of the field at the position of the central
path, ro is the radius of the central path, and r is any radial position.
The exponent, n, is called the inhomogeneity parameter. A choice of n
slightly less than unity will result in an increase in resolving power
over that which can be realized for the case of a homogeneous field,
i.e., n = 0. Magnets with n = 0.91 have been built by Alekseevski

et al (Ref. 20).
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The dimension, rmLm (Fig. 2), locates the image at the radial focal
plane of the magnetic sector since the beam entering the magnet is
collimated. Unlike the radial focal length, the axial focal length of
the magnetic sector is affected by the magnetic fringe fields. When

this effect is taken into account, the axial focal length turns out
to be

axial focal length = 0.826 inch

when the data of Table 1 are used. This means that the axial focal
length is nearly one-half the radial focal length; so, perfect axial
focusing at the image is not achieved theoretically. This is why the
axial magnification AV = 1.64 (see Section 3.7) at the image plane

is greater than unity.
3.8.4 PHOTOGRAPHIC DETECTOR

As presently conceived, the photographic detector would consist of a
magazine which would permit segments of photographic plate to be ex-
posed selectively. Each segment would be approximately one inch, so
the dispersion of mass/charge numbers would be limited to this extent.

For example, the dispersion is given by
dispersion = O'OlrmAy

which is a measure of the spatial separation of two mass/charge numbers
differing by one percent. Using the given values of rm and Ay’ the dis-
persion would be 0.025-inch. This means that a segment of plate one

inch in length in the radial plane would be more than sufficiently wide

to accept a spread of *20 percent in mass/charge numbers.
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3.8.4.1 Cosmic Radiation

The use of photographic materials in space naturally raises the question
concerning the effects of cosmic radiation. 1In the present application,
however, the photographic plates are only about one micron in thickness.
Considering the extremely high energies of the typical cosmic ray par-
ticle and the correspondingly long mean free path, it can be shown that
no significant interaction with the photographic emulsion will result
within the period of time that the plates would be exposed to this type

of radiation.
3.8.5 DIMENSIONS

Figure 3 shows the dimensions of the instrument. It has been designed
in concept so that the accelerator/collimator unit can be easily in-
serted into a six-inch port in order to intercept the solar wind ion
beam. To further conserve space, an effect of the energy filter is to
bend the ion beam through the angle of 90°. The dimensions shown in

Fig. 3, however, do not necessarily include the electronic package.

3.8.6 LIGHT FLUX REJECTION

The problem of light flux rejection has been encountered in space experi-
ments which use detectors that channel the solar light radiation, along
with the ion beam, to the sensing element. The electrostatic analyzer

is an example of such a detector. Ogilvie et al (Ref. 21) have con-
structed a portion of their electrostatic analyzer with tungsten mesh,
thus forming a light trap which seemingly has been effective in prevent-

ing channeling.
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Channeling in the electric sector of a double-focusing instrument is

not so severe when there is no sensing element at the exit terminal of

the electric sector. The tortuous path which an ion beam must follow
results in light rejection being an inherent feature of this instrument,.
However, to further enhance light rejection a trap similar to that of

the Ogilvie deéign is provided in the energy filter and the proton
velocity tuner shown as a screen in Fig. 3. These units bend the ion

beam 90° out of the path of the light flux such that the sphefical electro-

static analyzer does not see this unwanted radiation.
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SECTION 4

CONCLUSION

The results of the feasibility study of an astronaut-operated double-
focusing mass/charge spectrograph design concept suitable for use in an
Apollo Command Module have been presented in detail in Sections 2 and 3.

These results are summarized as follows:

The instrument is capable of a resolution in the range 100 to 200 for
mass/charge numbers in the range 2 to 4 and an acceptance cone half-

angle of three degrees. Data are presented which relate resolution to
mass/charge number and acceptance half-angle. The resolution is found

to increase rapidly as the acceptance angle is decreased.

Mass/charge in the range 2 to 10 can be accepted by the instrument
using one permanent magnet. This is accomplished by using an acceler-
ator unit and a decelerator unit which together provide the method of

selecting a given mass/charge number.

A velocity deviation of 0,20 can be accepted by the instrument.
However, only a deviation of #0.10 is necessary in order to display
a mass/charge deviation of *£0.20 over a one inch segment of photo-

graphic plate.

Sensitivity has been defined as the time required for ions of a given
species to produce a line of specified degree of blackening on the
photographic emulsion and a sensitivity parameter has been analytically
derived. The sensitivity parameter is inversely proportional to the
resolution. A sample calculation shows that an ion species of flux
intensity 104 per cmz-sec could be detected with a resolution of 170

on Ilford Q2 emulsion after approximately twenty minutes exposure.
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Light flux rejection can be adequately achieved by features of the

instrument design.

Dimensions and weight of the instrument are not considered to be crit-
ical. A high voltage supply of approximately twelve kilovolts would be
required with at least one percent regulation or better. Mass/charge
-and solar wind velocity tuning would be accomplished by interdependently
varying the potentials across several high voltage elements of the in-

strument,

3039-Final 52



l.
2.
3.

S‘
6.
7.

10.

11.
12,
13.
14.

15.
16.

17.
18.
19.

20.
21.

SECTION 5

REFERENCES

H. Wollnik, Nucl. Instr. and Meth. 52, 250-272 (1967)
H. Wollnik, Nucl, Instr. and Meth. 34, 213-221 (1965)
H. Wollnik, Nucl. Instr. and Meth. 59, 277-282 (1968)
H. Wollnik, Nucl. Instr. and Meth. 53, 197-215 (1967)
H. Wollnik, Nucl. Instr. and Meth. 36, 93-104 (1965)
G. A. Harrower, Rev. Sci. Instr. 26, 850 (1955)

A. J., Hundhausen, J. R. Asbridge, S. J. Bame, H, E., Gilbert, and
I. B. Strong, J. Geophys. Res. 72, 87 (1967)

M. Neugebauer and C., W. Snyder, in The Solar Wind, edited by
R. J. Mackin and M. Neugebauer (Pergamon Press, New York, 1966)
p. 3.

S. J. Bame, A. J. Hundhausen, J. R. Asbridge, and I. B. Strong,
Phys. Rev. Letters 20, 393 (1968)

Proceedings of the Plasma Space Science Symposium, 11 to 14 June
(1963), Astrophysics and Space Science Library, edited by C. C.
Chang and S. S. Huang, vol. 3 (D. Reidel Publishing Co.,
Dordrecht, Holland, 1965), p. 68.

(private communication)
R. Ludwig, Z. Naturforschg. 22a, 553 (1967)
E. B. Owens, App. Spectroscopy 16, 148 (1962)

R. E. Honig, J. R. Woolston, and D. A. Kramer, Rev. Sci. Instr.
38, 1703 (1967).

H. Hintenberger, Ann. Rev. Nucl. Sci. 12, 441 (1962)

J. R. Woolston, R. E. Honig, and E. M. Botnick, Rev, Sci. Instr.
38, 1708 (1967)

(private communication)
H. Fabricius, Nucl. Instr. and Meth. 61, 251 (1968)

H. A. Tasman, Advances in Mass Spectrometry, vol. 1 (Pergamon Press,
New York, 1959) p. 36.

N. E. Alekseevski, Dokl., Akad. Nauk SSSR 100, 229 (1953)

K. W. Ogilvie, N. McIlwraith, and T. D, Wilkerson, Rev. Sci. Instr.
39, 441 (1968)

3039-Final 53



